In the present study, the moisture of high titanium slag was chosen as the research object. Taking advantage of selective heating of microwave and the specific inductive capacity of water, the drying experiment of high titanium slag using microwave heating have been carried out. The results revealed that the presence of moisture in the form of high titanium slag was adsorbed water, and the wet sample possesses excellent wave-adsorbing performance; the bed depth preferred was no larger than 10 mm, with moisture content at around 3%. The microwave drying process was divided into two stages: the constant-stage and the deceleration-stage. The optimum conditions were identified to be microwave power of 700 W, sample mass of 200 g, bed depth of 10 mm and drying time of 50 s. The dehydration extent can reach 90% and moisture content remains at 0.3% under the optimum conditions. The demonstration of microwave drying techniques can be applied effectively and efficiently into the treatment processing of drying of the raw materials of metallurgy and chemical industry with the theoretical and scientific basis.
Introduction
There are rich titanium resources in China, mainly composed of titanium iron ore except for a small amount of ilmenite ore (FeTiO 3 ). Generally, the titanium smelter uses electric furnace smelting ilmenite ore to product the high titanium slag, then get the rough TiCl 4 which is prepared through the chlorination of high titanium slag [1] [2] [3] . The pure TiCl 4 after being refined is used in producing titanium sponge and titanium white [4, 5] . In the chloride process, the excessive moisture of high titanium slag can react with chlorine gas to form chlorine hydride, and resulting corrosion resistant equipment [6, 7] . It is difficult to lower the moisture content from 1.0-3.0% to 0.3-0.5% of the raw materials of metallurgy and chemical industry using traditional drying methods, because of large amounts of energy being consumed, long drying time and increases in drying cost [8, 9] .
In the conventional thermal drying methods, heat is transferred from the outside to the inside to evaporate water from material, and the energy transfer of the original driving force is the temperature gradient [10, 11] . However, conventional methods to drying high-moisture content into low-moisture content of materials cause many problems, such as high energy consumption and environment pollution [12] . Therefore, exploration of a new technology for drying, with less field occupation, low energy consumption and high efficiency, and suitability for application in commercial scale operations, is necessary for sustainable development.
Microwave energy has many advantages over conventional heating techniques. Microwaves are electromagnetic waves that have a frequency range from around 0.3 GHz to 300 GHz with corresponding wavelengths ranging from 1 mm to 1 m. The microwave heating process does not require any heat conduction, and inside and outside of the materials can be heated at the same time [13] [14] [15] [16] . Study shows that a material's capacity to absorb microwaves is mainly decided by its dielectric properties [17] . In the process of microwave drying, water is always preferred to absorb microwaves, and quickly turns into steam to escape, because the dielectric constant of water is greater than that of general minerals or materials [18] [19] [20] . Therefore, microwave drying with a high drying rate and short drying time is easy to automate control and improve product quality. Thus, microwave heating is taken more and more seriously in each dry area [21] .
The characteristics and mechanism of heat and mass transfer of microwave drying high titanium slag were investigated. The moisture content changes and temperature changes of high titanium slag, and heat and mass transfer behavior were systematically investigated. The effects of microwave heating on the interaction of heat and mass transfer mechanism of high titanium slag were characterized using theory analysis, experimental research and characterization, and the internal heat and mass transfer model of high titanium slag in the microwave drying process was obtained.
Materials and methods

Materials
High titanium slag used in the work were supplied by Atlantic China Welding Consumables, Inc (Kunming City, Yunnan Province, China). The chemical compositions and the size compositions of high titanium slag are listed in Tables 1 and 2 , respectively. It can be seen from Table 1 Table 2 that the particle distribution of high titanium slag was uneven, mainly in the range from 96 μm to 180 μm, and more than 34% was > 180 μm. The high titanium slag was analyzed for elements content in accordance with the National Standard of the People's Republic of China (GB/T). The original moisture content of high titanium slag was measured using a conventional heating method, which dried at 105°C for 24 h in a desiccator; the original moisture content was about 2.623% by comparing with the weight of raw material.
Instruments
High titanium slag was analyzed for X-ray diffraction (XRD) with an XRD analyzer (Rigaku D/Max 2200 X, Japan), and the working line was CuKα radiation (λ = 1.5418 Å, 35 kv, 20 mA) over the 2θ range of 20-75° and calculated by using the Scherrer equation. Fourier transform infrared (FT-IR) spectra were carried out on an FT-IR spectro meter (Nicolet 8700, USA) using the KBr pellets method with 4000-400 cm −1 of spectral range. The angle of incidence of the IR beam was 45° and 100 scans were collected at a resolution of 4 cm −1 and averaged using the OMNIC spectroscopic software. Thermogravimetric (TG) and corresponding differential scanning calorimetry (DSC) were recorded by a thermal gravimetric analyzer (NETZSCH STA 409, Germany) with 10°C/min of heating rate, and the morphology of high titanium slag was examined by a scanning electron microscope (XL30ESEM-TMP, Philips, Holland).
The schematic diagram of microwave heating apparatus is shown in Figure 1 . The apparatus typically consists of a magnetron to produce the microwaves, a waveguide to transport the microwaves, a resonance cavity to manipulate microwaves for a specific purpose, an electronic balance to record the measurements continuously, an inert gas generator to protect the sample from oxidation and a computer control system to regulate the temperature and microwave power. The inner dimensions of the multi-mode microwave resonance cavity were 260 mm in height, 420 mm in length and 260 mm in width. The output power was in the range of 0-3 kW, which was supplied by two magnetrons at 2.45 GHz frequency, and the magnetrons were cooled by water circulation. The temperature was measured by a Type K thermocouple, which was inserted into the center of the sample. Some customized ceramic crucibles of different inners were employed to satisfy experiment requirements. The packing density of the sample was 1.7332 g/cm 3 and the inner diameters of the crucibles loaded with 100 g, 150 g, 200 g, 250 g and 300 g samples were 8.6 cm, 10.5 cm, 12.1 cm, 13.6 cm and 14.9 cm, respectively.
Methods
The samples were loaded into a corundum crucible and then placed inside the microwave heating apparatus. Weight loss was measured by an electronic balance, which has a precision of 0.0001 g and was recorded by the computer continuously. The effects of drying time and sample mass on the dehydration extent were investigated. The bed depth and drying surface area were not considered in this experiment, due to the characteristics of microwave heating with heat evenly.
The moisture content and dehydration extent of high titanium slag were calculated based on the following equations [11, 22, 23] :
where τ is drying time (s), w τ is the moisture content at the time of τ (%), m τ is the weight of sample at the time of τ (g) and m g is the weight of dried sample (g) and:
where ω is dehydration extent (%) and w 0 is the original moisture content (2.623%).
Results and discussion
Structural features of high titanium slag
The crystalline structures of high titanium slag before and after microwave drying were characterized by XRD and the results are shown in Figure 2 . It can be seen from Figure 2A that [27, 28] . FT-IR spectrum analysis was carried out on high titanium slag to determine the conclusion that adsorbed water present on the surface of high titanium slag.
The results of TG/DSC measurement of high titanium slag are shown in Figure 4 . According to TG/DSC curves, high titanium slag has two weight change stages. The first step was a dehydration step, accompanied with an intensive mass loss process of TG curve from room temperature to 120°C. Combined with FT-IR analysis, the mass loss was attributable to the adsorbed water of the sample, which was evaporating under the microwave heating, and namely the dehydration process. The DSC curve shows an endothermic peak in the temperature range 75-100°C due to the needs of removal of adsorbed water. The water of high titanium slag is mainly in the form of adsorbed water, which exists in neutral water molecules; it does not participate in the crystal structures of minerals, but is adsorbed on the particle surface or cracks in minerals. The adsorbed water escaping from the mineral did not destroy the lattice when the temperature reached 100-120°C under normal pressure, so the entire drying process was completed under 120°C. The second stage was a process of weight gain in a temperature range from 400°C to 1100°C, which could be attributed to oxidation reactions. The weight gain ratio corresponding to this stage was 3.51% and the oxidation reductions of low-valent titanium occurred [29] [30] [31] , which were the most important chemical processes in heating high titanium slag according to the following equations:
The DSC curve shows two obvious exothermic peaks at temperatures of 578°C and 850°C, respectively. The TiO (Anatase) TiO (Rutile) →
The size compositions and scanning electron microscopy were employed to observe the change of morphology (macrostructure and microstructure) of high titanium slag before and after microwave drying and the results are shown in Figure 5 . The size compositions of the sample did not change after being microwave dried for 50 s, the particles continued to be coarse, and more than 46.1% was in the range from 96 μm to 180 μm. It could be seen from Figure 5A and B that the primary particles have a tighter and smoother surface morphology, with more small pits and striations appearing on the high titanium slag surface. According to Figure 5C -F, the surface morphology of microwave dried samples for 50 s and 90 s, and the raw sample were virtually identical, and show the same structure of smooth and dense.
Dielectric properties of high titanium slag
The complex permittivity (ε) of material is an important parameter to describe the microwave absorption characteristics in the microwave heating process. Complex permittivity (ε) can be expressed as a real part (ε′) and an imaginary part (ε″) [32] . The real part of the relative permittivity is known as the dielectric constant that characterizes the ability of the material to store electromagnetic energy within its structure, and the imaginary part as dielectric loss factor, which reflects the ability of the material to convert the stored electromagnetic energy into thermal energy. The complex permittivity can be expressed as Eq. (7):
The water molecule was the typical electric dipoles, which has the highest dielectric constant of 78.5. The dielectric constant of dry high titanium slag was only 10.98, and a mixture of both shows a higher dielectric constant. The variation of dielectric constant and dielectric loss factor of high titanium slag with moisture content is shown in Figure 6 . It could be seen that the dielectric constant of high titanium slag increased from 10.98 to 77.89, with increasing the moisture content from 0% to 5% at room temperature. When the moisture content was 5%, the dielectric constant attained its maximum, then gradually decreased with the increase of moisture content. This was probably because the interaction between ions and water molecules on the surface of the particles restrains the rotation of water molecules and reduces the polarization ability of water molecules in the change of the electric field. The dielectric loss factor had the same change trend with the dielectric constant, which attained its maximum 19.03 with a moisture content of 5%.
Penetration depth (D p ) is defined as the distance from the material surface where the absorbed electric field (e) falls to 1/e of the electric field at the surface [33] . D p is given by the following equation:
where λ is the wavelength, λ = 12.24 cm in 2.45 GHz.
The penetration depth of high titanium slag could be calculated by Eq. (8), based on the measured results of dielectric properties. The variation of penetration depth of high titanium slag with moisture content is shown in Figure 7 . It could be seen that the penetration depth sharply reduced with a moisture content increase from 0% to 5%, and then kept to a value of about 10 mm. The moisture content of high titanium slag was generally about 3%, corresponding to the penetration depth of 10 mm. Therefore, the bed depth of high titanium slag prefer no larger than this value in microwave drying.
The temperature increasing characteristics of different moisture content of high titanium slag are different from each other in the microwave field. High titanium slag with different moisture state affects the heating behavior under a microwave power of 700 W, bed depth of 10 mm were shown in Figure 8 
The results show that the average heating rates of dry and wet high titanium slag were 2.42°C/min and 2.52°C/min, respectively. It can be seen from Figure 8 that the wet sample shows a faster apparent heating rate than the dry sample; the result indicates that the wet sample possess excellent wave-adsorbing performance and is identical to the above analysis. 
Drying characteristic of high titanium slag under microwave heating
In this experiment, 200 g of high titanium slag was employed under the experimental conditions with microwave power of 700 W and bed depth of 10 mm. The samples achieve the experimental demand when the moisture content is below 0.3%. The related data of drying high titanium slag under microwave heating is shown in Table 3 and the curve of effects of drying time on the moisture content and dehydration extent are shown in Figures 9 and 10 , respectively. It is seen in Figure 9 that the moisture content of samples decreased gradually from about 2.62%-0.14%, with increasing microwave drying time from 0 s to 60 s. Then, the moisture content of high titanium slag tends to finally be constant.
There was much adsorbed water removal in the range from 30 s to 40 s of microwave drying time and the dewatering effect was best in this time. The moisture content was < 0.3% when the drying time was about 50 s, and achieved the purpose of the experiment already. It can be seen in Figure 10 that microwave drying time has a significant effect on dehydration extent, and with drying time increasing, dehydration extent of high titanium slag obviously improved. Dehydration extent increase became more rapid when the drying time range was 30-40 s; it could reach 72.68% and this process can be considered as the evaporation process of adsorbed water. Dehydration extent reached 89.03% when the drying time was around 50 s, and the dehydration extent had no significant changes when drying continued. Therefore, 50 s of drying time is chosen as the optimum time of high titanium slag for microwave drying. The effects of sample mass on the dewatering of high titanium slag were investigated. The drying experiments are conducted with different sample mass (100 g, 150 g, 200 g, 250 g and 300 g) under microwave power of 700 W, bed depth of 10 mm and drying time of 50 s, and the results are shown in Figures 11 and 12 , respectively. Results in Figure 11 indicate that the moisture content of the sample increases gradually from about 0.02%-1.16% with increasing sample mass from 100 g to 300 g. The moisture content changes rapidly when the material amounts to more than 200 g, and it maintains an upward trend. The obtained results illustrated in Figure 12 show that the dehydration extent of high titanium slag is maintained at over 90% when sample mass is below 200 g. The dehydration extent has a clear downward trend when the mass of the sample is over 200 g. Dehydration extent was only 63.26% when sample mass was around 250 g. Therefore, in the experience, the sample mass is controlled by 200 g, dehydration extent can reach 90% and moisture content remains under 0.3%; these results will exceed the experimental demand.
Drying kinetics of high titanium slag
A series of experiments were performed to study the relationship between dehydration extent among various dominant factors during the drying process, and drying intensity is one of the important parameters in the drying kinetics research. There were many definitions of drying intensity, according to the actual situation to select the appropriate method of calculation [34, 35] . In this experiment, Eq. (11) was used to calculate drying intensity:
where N is the drying intensity (%/s) and w τ is the moisture content at the time τ (%). The drying intensity of high titanium slag under microwave heating is calculated in Table 3 and the drying intensity curve of high titanium slag is shown in Figure 13 . Generally, the drying process is considered to be divided into three stages: acceleration-stages (also known as preheating), constant-stages (also known as constant velocity) and deceleration-stages (can be divided into first and second deceleration) [22, 36] . It can be seen from the drying rate curves in Figure 9 that the drying process of high titanium slag was divided into two stages; constant-phases and deceleration-stages. Acceleration-stages do not appear in the whole drying process, which was by microwave heating and which has the characteristics of heating at the same time. The heating methods of conventional drying were heat conduction, convection, radiation heat transfer, etc. Since the heat source is on the outside of material, the temperature rises are controlled by the process of outside to inside, and it also requires energy transmission. This process was limited by Fourier's law, and the material was a poor conductor of heat and thermal resistance was bigger, so the acceleration-stages were longer and the total drying time was longer. The major advantages of microwave heating were the selective heating and rapid transient heat transfer, namely the acceleration-stages could be neglected in the process of drying. Therefore, it can be seen from Figure 13 that the acceleration-stages do not appear in the microwave drying process of high titanium slag, and this also explains why the microwave heating drying time was shorter than the conventional drying.
Conclusion
The presence of the moisture in the form of high titanium slag was adsorbed water, and the removal temperature was about 100°C. Dielectric properties and heating behavior of high titanium slag with different moisture content were investigated; the results show that the wet sample possesses excellent wave-adsorbing performance and the preferred bed depth is no larger than 10 mm when moisture content is 3%. High titanium slag dewatering effect was proportional to the microwave drying time, and was inversely proportional to the sample mass. According to the drying kinetics of high titanium slag, the microwave drying process of high titanium slag was divided into two stages; constant-stages and deceleration-stages. Results showed that the optimum conditions for microwave drying high titanium slag were as follows: microwave power was 700 W, sample mass was 200 g, bed depth was 10 mm and drying time was 50 s. Under the optimal conditions, dehydration extent can reach 90% and moisture content remains under 0.3%, which exceeds the demand of production processes for high titanium slag.
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